Introduction
With the half-life for the spontaneous hydrolysis of dibasic alkyl phosphates being in the order of 10 12 years at ambient temperature [1] , phosphate monoester hydrolysis is one of the most difficult reactions catalyzed by an enzyme. Over the years, much effort has been devoted to the development and study of metal complexes that mimic the structure and function of natural phosphatases [2, 3] . However, in many of these studies phosphate diesters are used as model substrates, although mono-and diester cleavage can take place by different mechanisms [4] . Generally, the uncatalyzed hydrolysis of phosphate diesters proceeds via an associative mechanism, while phosphate monoesters hydrolyze by a dissociative mechanism in the absence of any catalyst. Because of this and because phosphate monoesters are the true substrates of phosphatases, it is important to study the hydrolysis of both substrates separately.
The hydrolytic activity of Zr 4+ towards phosphate esters has first been described 70 years ago [5] . 60 years later two detailed kinetic studies on the reaction of ZrCl4 with the phosphate diester bis(p-nitrophenyl) phosphate and with a DNA dinucleotide have been published [6, 7] . Due to its high positive charge, small ionic radius, hard
Lewis acid character and high acidity of Zr-OH2 (formation of Zr-OH nucleophile at low pH), Zr 4+ is a highly efficient catalyst for phosphate ester cleavage. Up to 9
orders of magnitude rate accelerations have been reported for ZrCl4-mediated phosphate diester hydrolysis [6, 7] . However, the solution chemistry of ZrCl4 is governed by the formation of ill-defined polynuclear hydroxo-bridged species.
Precipitation of Zr 4+ at pH > 5.5 prevents significant catalytic activity of zirconium salts in neutral solution. Kennedy et al. studied NPP hydrolysis in the presence of gelatinous zirconium(IV) hydroxide as heterogenous catalyst [8] . They observed a modest 30-fold rate acceleration over the uncatalyzed reaction at pH 7. A small number of ligands have been investigated with the aim to develop Zr complexes that are soluble and active catalysts at neutral pH [6, [9] [10] [11] . The most promising results
were obtained with tris(hydroxomethyl)aminomethane [6, 9] . When coordinated to Zr, the reactivity of the metal is retained in weakly acidic solution. However, an excess of the ligand is required and the activity decreases significantly at higher pH values which has been attributed to aggregation [6] . Stulz and Leumann showed that Zr tetraporphyrinate can provide up to 9 orders of magnitude rate accelerations for the transesterification of 2-hydroxypropyl phenyl phosphate and methyl phenyl phosphate in benzene/methanol [11] . Likewise, the Zr complex [Zr(acac)2(sae)] (acac = acetylacetonate; sae = salicylidineaminoethanol) reported by the same authors [10] was found to be a highly efficient catalyst for phosphate diester cleavage in nonaqueous solution. However, in the presence of water, the cleavage rate dropped significantly. Evidently, the synthesis of additional Zr complexes that are stable, soluble and active at pH values close to neutrality is a key factor in the development of suitable catalytic systems and still needs more effort.
Here we report a mononuclear and two dinuclear Zr complexes that promote the hydrolysis of the phosphate monoesters p-nitrophenyl phosphate (NPP) and phenyl phosphate (PP). Interestingly, the Zr complexes are more reactive towards PP than towards NPP and the Zr complex promoted hydrolysis of the phosphate monoester NPP is faster than that of the phosphate diester bis(p-nitrophenyl) phosphate. To the best of our knowledge no detailed kinetic study on the hydrolysis of a phosphate monoester by a Zr complex has been described so far. were prepared according to literature procedures [12, 13] .
Experimental

General
1 H and 31 P NMR spectra were recorded on a Jeol ECX-400 spectrometer. The pD values of D2O solutions were measured by use of a glass electrode and addition of a value of 0.4 to the pH meter reading [14, 15] . The pD values were adjusted using concentrated DNO3 and NaOD solutions.
UV/Vis measurements were carried out on a Varian Cary 50 scan spectrophotometer coupled to a Grant thermostated water circulation bath. Mass spectra were obtained on an electrospray mass spectrometer (Waters LCT Premiere XE) in negative mode.
Kinetic measurements
The hydrolysis rates of NPP and BNPP were measured by monitoring the increase in the visible absorbance at 400 nm due to the release of the p-nitrophenolate anion. Rate constants were obtained by the initial rate method (< 5 % conversion). were run in duplicate to give a reproducibility of ± 15 %.
Concentrations of
Activation parameters
The enthalpy of activation, H ‡ , entropy of activation, S ‡ , and activation energy, 
Results and Discussion
Formation and solution behaviour of the [ZrL 1 (H(2)O)x] n+ (1)
The 
Hydrolysis of p-nitrophenyl phosphate
The ability of the zirconium complex 1 to promote phosphate monoester hydrolysis was studied using the activated model substrate NPP. Release of pnitrophenolate was monitored in buffered solution at 25 C by UV/Vis-spectroscopy.
Orthophosphate was identified as the hydrolysis product by 31 P NMR spectroscopy (Fig. S1 ). Under pseudo-first order conditions, the hydrolysis reaction in neutral been previously reported by Jagoda and Krämer [9] . However, in their work an excess of ligand was used which makes the presence of dinuclear species in solution unlikely. approximately four times larger than that of the mononuclear complex. It is worthy of note that 2 and 3 exhibit almost identical catalytic activity. This is in contrast to our recent study on mononuclear Ga complexes where an electron-donating methoxy substituent in para position to a coordinating phenolate oxygen led to an increase in the rate acceleration of phosphate diester hydrolysis [19] . when an excess of Zr 4+ was applied. Up to four equivalents of Zr can be added at pH 7 before precipitation is observed. Fig. S7 shows the increase of the rate constant with increasing Zr : ligand ratio for L 3 .
Dinuclear zirconium complexes
To investigate whether neutral solutions of the Zr complexes with the dinucleating ligands also hydrolyze phosphate monoesters with poorer leaving groups than p- the rate acceleration provided by one equivalent of the dinuclear complex can be estimated to be in the order of 10 5 to 10 6 -fold. Although signal overlap prevented a detailed kinetic analysis, the present data suggest that 3 is more reactive towards PP than towards the more activated substrate NPP. This is a notable feature, as metal complexes that are efficient catalysts for the hydrolysis of phosphate esters with good leaving groups are not necessarily equally reactive towards less activated substrates.
Indeed, many metal catalysts that provide large rate accelerations for hydrolyzing pnitrophenyl phosphate esters fail to hydrolyze or show significantly lower reactivity towards substrates with poor leaving groups [21] [22] [23] . 
Hydrolysis of bis(p-nitrophenyl) phosphate
To compare the reactivity of the Zr complexes towards phosphate mono-and diesters, the effects of solutions containing the dinuclear Zr complexes 2 and 3 on the cleavage rate of bis(p-nitrophenyl) phosphate (BNPP) were investigated. However, in all cases the absorbance vs. time traces showed an induction period the length of which varied non-systematically with pH. It is unlikely that these lag times are due to slow substrate binding, as fast ligand exchange kinetics are characteristic for the Zr 4+ ion. In the case of heterodinuclear Fe(III)M(II) complexes reported in the literature [24] , similar lag times in the onset of phosphate diester hydrolysis have been attributed to the slow transformation of the metal complexes into the respective active species. It should be noted that letting the buffered metal complex solutions stand at room temperature for 30 min. before adding the substrate had no effect on the induction periods. Although the induction periods hampered the accurate determination of rate constants, initial rates were estimated from the linear segments of the absorbance -time traces after the lag time. Between pH 5.5 and 8.5 (25 C) approximate values for kobs were in the range 0.1 x 10 -5 -2 x 10 -5 s -1 for 2 and 3 corresponding to 10 5 -10 6 -fold rate accelerations over the uncatalyzed reaction [25] . [26] . It has been pointed out that such selectivity can be exploited for the removal of a terminal phosphate group in various biotechnological applications [26] .
Activation parameters
The temperature influence on the hydrolysis reaction was investigated and the activation parameters for the reaction mediated by the zirconium complexes of L 1 -L 3 were determined by fitting the kinetic data to the Eyring and Arrhenius equations, Table 2 . From the data, it can be concluded that in all three cases NPP hydrolysis takes place through a similar mechanism. The negative values for the activation entropy are consistent with an associative substitution mechanism as observed for the metalloenzyme-catalyzed phosphate monoester hydrolysis [27] . A shift from the dissociative mechanism of the uncatalyzed reaction to an associative transition state with more nucleophilic participation upon metal ion coordination to the phosphate ester seems to be a general feature of metal-mediated phosphate monoester hydrolysis [23, 28, 29] . 
Conclusions
